Background: Antagonistic co-evolution can drive rapid adaptation in pathogens and shape 24 genome architecture. Comparative genome analyses of several fungal pathogens revealed 25 highly variable genomes, for many species characterized by specific repeat-rich genome 26 compartments with exceptionally high sequence variability. Dynamic genome architecture may 27 2 enable fast adaptation to host genetics. The wheat pathogen Zymoseptoria tritici with its highly 28 variable genome and has emerged as a model organism to study the genomic evolution of plant 29 pathogens. Here, we compared genomes of Z. tritici isolates and genomes of sister species 30 infecting wild grasses to address the evolution of genome composition and structure. 31
The ascomycete pathogen Zymoseptoria tritici has emerged as a model organism in 86 evolutionary genomics of pathogens. This species originated in the Fertile Crescent during the 87 domestication of its host, wheat [20] . Closely related species of Z. tritici have been collected 88 from wild grasses in the Middle East providing an excellent resource for comparative genome 89 analyses of closely related and recently diverged pathogen species. Comparative analyses of 90 genome organization and gene content within and among Zymoseptoria species have previously 91 revealed a wide distribution of accessory chromosomes and dynamic gene content [21, 22] . The 92 haploid genome of the reference isolate IPO323 comprises thirteen core and eight accessory 93 chromosomes [23] . Some of these accessory chromosomes encode traits that impact virulence 94 of the fungus, however no gene encoded on an accessory chromosome has so far been 95 described as a virulence or avirulence determinant [24] [25] [26] [27] [28] [29] . Interestingly, the accessory 96 chromosomes in Z. tritici show a low transcriptional activity in vitro as well as in planta [30, 31] . 97 5 111
In this study, we investigate the genomic architecture and variability among five Zymoseptoria 112 genomes. Beside presenting a new and significantly improved resource for future genomic 113 studies of these fungal pathogens, we specifically ask: 1) how conserved is the genome 114 architecture among Zymoseptoria species, 2) can we identify accessory compartments in other 115
Zymoseptoria isolates and 3) to which extent does variation in genome architecture reflect 116 variation in gene content. 117
To answer these questions, we used high-quality assemblies based on long-read sequence data 118 and new gene predictions in two isolates of Z. tritici (Zt05 and Zt10) and one isolate of each of 119 the sister species, Z. ardabiliae, Z. brevis, Z. passerinii, and Z. pseudotritici. We explore the core 120 and non-core genome architecture of Zymoseptoria spp. combining genomic data with 121 transcriptome and histone methylation data and relate this to core and accessory genome 122 compartments. Furthermore, we compare the distribution of orthologous and non-orthologous 123 genes in the Zymoseptoria genomes and one additional Dothideomycete species. Our analyses 124 reveal an overall conserved genome architecture characterized by gene-rich core compartments 125 and accessory compartments enriched in species-specific genes. Finally, we report an 126 exceptionally high extent of variation in presence-absence of protein coding genes in a 127 eukaryote genome. 128
Zymoseptoria species is in accordance with previously published phylogeny based on seven loci 164 sequenced in multiples isolates (Figure 1) [21] . 165
Genomes of Zymoseptoria spp. comprise accessory chromosomes and compartments 166 but show overall high synteny 167
Next we addressed the extent of co-linearity of the Zymoseptoria genomes. Using coordinates of 168 orthologous genes, we were able to reveal a high extent of synteny conservation among the five 169
Zymoseptoria species and between the three isolates of Z. tritici, as depicted in In Z. tritici, core and accessory compartments have very distinct genomic features. It was 180 previously shown that hallmarks of accessory regions in the reference isolate IPO323 include 181 lower gene density, lower levels of H3K4 methylation levels and lower gene expression [6, 31] . 182
In the reference genome of IPO323, compartments with these genomic and epigenomic 183 hallmarks represent either accessory chromosomes or specific regions of the core 184 chromosomes. Here we find that the specific accessory hallmarks including low gene density, 185 low expression, low H3K4me2 methylation and significant enrichment of species-specific genes 186 (see description below) on the non-core contigs are found in genomic compartments throughout 187 the genus (Table S3, Figures 3 and S4) . 188
In the reference Z. tritici strain, the specific "accessory-like" pattern includes a particular region 189 of the core chromosome 7 of ~0.6 Mb ( Figure 3A) [6]. This particularly large accessory marked 8 region is observed in several Zymoseptoria spp ( Figure 3B ; S4). We identify ~0.7 Mb of the 191 contig 28 in Z. pseudotritici and ~0.6 Mb of the contig 17 for Z. brevis, both corresponding to 192 chromosome 7 of Z. tritici, which share the same hallmarks of accessory chromosomes (Figures 193 3 and S4, Table S3 ). For the two remaining sister species, the fragmentation of the assembly 194 does not allow the identification of such pattern although there is an indication of a similar effect 195 on gene expression and species-specific gene enrichment on contig 19 of Z. ardabiliae which 196 corresponds to a fragment of chromosome 7 in IPO323 ( Figure S5 ). 197
We also identified other regions enriched in isolate-specific genes, thus defining orphan loci in 198 the core chromosomes of both Zt10 and Zt05 (Figures 3 and S4 ). We observe a region of ~0.2 199
Mb of contig 1 in the Iranian isolate Zt10 corresponding to the core chromosome 3 in the IPO323 200 genome with high content of isolate-specific genes ( Figure S4 ; table S3 ). We furthermore 201 identified small segments with species-specific genes on the core chromosomes of the wild-202 grass infecting sister species including a ~0.3 Mb region of the contig 26 in Z. brevis and ~0.1 203
Mb of contig 30. Overall, we show that genome compartmentalization in core and accessory 204 regions is an ancestral and shared trait among the Zymoseptoria species. This phenomenon 205 generates highly variable compartments and defined loci that deviate from genome averages in 206 terms of gene content, sequence composition and synteny conservation. 207
Variable repertoires of effector candidate genes 208
To obtain gene annotations for the Zymoseptoria genome assemblies, we established a custom 209 pipeline adapted from Lorrain and co-workers ( Figure S5 ) [36] . Briefly, we use the consensus of 210 three methods to predict gene product localization, then extract secreted proteins to further 211 identify predicted effectors. This detailed functional annotation provided a catalog of predicted 212 gene functions and cellular localizations ( Figure S6 ). For each genome, a large proportion of 213 genes could not be assigned to a protein function and lacked protein domains. 49.6% of genes 214 in Z. tritici (N = 5953) and up to 71.8% of genes in Z. pseudotritici (N = 8373) lack a predicated 9 predicted to belong to the different subcellular localizations are very similar ( Figure S6C ) across 218 the whole genus, including secreted proteins. The difference between the minimal and maximal 219 gene number fpr the different categories of subcellular localizations do not exceed 1.6X between 220 species ( Figure S6C ). Overall, secretomes range from 7% of the genes predicted in Z. passerinii 221 (N=828) to 11% of genes in Z. ardabiliae (N=1328 genes, Figure S6B ). 222
We further investigated the number and distribution of genes predicted to encode proteins with a In contrast to the high conservation of CAZyme and BGC gene content among the Zymoseptoria 238 genomes, we find that predicted effector genes exhibit a large variation in gene numbers 239 between genomes ( Figure S6B ). In fact, the predicted effector gene repertoire of in Z. ardabiliae 240 (N=637) is three times as high compared to Z. brevis (N=206). Interestingly, the three Z. tritici 241 isolates also vary considerably in their predicted effector repertoires. The reference isolate 242 IPO323 has a reduced set of effector genes (N=274) compared to Zt05 and Zt10 that encode 243 approximately 30% more effector genes (N=417 and N=403, respectively, Figure S6B ). Despite 244 the high variability, the effector genes are mostly located on core chromosomes and none of the 245 five Zymoseptoria species have more than ten effector genes located on accessory 246 chromosomes ( Figure S1 ). 247
The accessory genes of Z. tritici are shared with the closely related wild-grass infecting 248 species 249
To further characterize variation in gene content among the five Zymoseptoria species, we 250 identified orthologous genes (i.e. orthogroups) from the gene predictions. We categorized 22341 251 gene orthogroups identified in the seven Zymoseptoria genomes and in C. beticola according to 252 their distribution among fungal genomes ( Figure 4A Comparing the three Z. tritici isolates independently from the other species, we observe 263 extensive gene presence-absence polymorphisms between the three isolates: 1540 orthogroups 264 are identified in only two strains and 2522 are found in only one ( Figure 4B ). The number of 265 genes showing presence-absence variation is striking compared to the 10098 core genes in Z. 266 tritici as these genes comprise almost 30% of all predicted genes. Interestingly, we show that the 267 number of orthogroups detected as isolate-specific is much larger when the comparison includes 268 only members of the same species than when the other species are included (1035, 849 and 269 species, and highlight the importance of including sister species when establishing core and 272 accessory gene content. 273
Interestingly, we show that effectors are enriched among the genus-specific genes but not 274 among the species-specific or isolate-specific gene categories (with the exception of Z. Finally, we addressed the functional relevance of accessory and orphan genes in Z. tritici by 286 analyzing gene expression patterns. We used previously published transcriptome data of three 287 Z. tritici isolates [30] and focused on gene expression of the above-defined categories (core 288 genes, genus-specific, species-specific, and isolate-specific). We sorted in planta expression 289 data into two different infection phases: the biotrophic phase and the necrotrophic phase, a 290 separation supported by principal component analysis of normalized DESeq2 counts ( Figure  291 S7). We compared expression levels by mapping RNA-seq reads to the genomes of IPO323, 292
Zt05 and Zt10, using normalized read mappings to transcript per million. We tested differences 293 among gene categories using pairwise comparisons with a Kruskal-Wallis test ( Figure 5 ). 294
Overall, we find that gene expression of the species-specific and isolate-specific genes is 295 significantly lower in IPO323 and Zt10, but not in Zt05 (Kruskal-Wallis p-value < 0.05). Species-296 specific and isolate-specific gene median expression ranges from 3.2 to 5.6 TPM in IPO323 and 12 profile does not follow the same trend: the core genes are the lowest expressed gene category 299 (8.9 median TPM), while genus-; species-and isolate-specific genes showed higher transcription 300 levels (12.0; 14.4 and 13.5 median TPM respectively, Kruskal-Wallis p-value < 0.05). 301
In contrast, we observe a significantly higher expression of the species-specific and isolate-302 specific genes for all three isolates (Table S2 ; Kruskal-Wallis p-value < 0.05) when comparing 303 the expression of genes that are differentially expressed (DEGs; DESeq2 p-adjusted < 0.05) 304 between the biotrophic and necrotrophic phases. Species-specific and isolate-specific DEGs are 305 higher expressed in planta than the core and genus-specific genes ( Figure 5B ; Kruskal-Wallis p-306 value < 0.05). The expression pattern of DEGs with different levels of specificity present a 307 consistent pattern in all three isolates (Table S2) We identify extensive presence-absence variation of protein coding genes in genomes of five 320
Zymoseptoria species consistent with the variable gene repertoire already reported for Z. tritici 321
[28], Furthermore, the different species, share a particular genomic architecture that comprises 322 specific accessory genome compartments. In spite of this variation, we observe an overall 323 conserved synteny of the core chromosomes. In the Zymoseptoria genomes, we observe gene-324 dense, actively transcribed and H3K4me2-enriched compartments covering most of the core transcribed and H3K4me2-deprived compartments. Based on previous analyses of accessory 327 chromosomes in Z. tritici, we here consider this pattern as a specific hallmark of accessory 328 genome compartments in the genus Zymoseptoria and not only in Z. tritici [6] . We hypothesize 329 that these compartments likely represent accessory chromosomes in the different Zymoseptoria 330
species. 331
We also identify accessory signatures in core chromosomes, including the previously described In this study, we confirm previously reported genome comparisons showing that gene content in 342 Z. tritici is highly variable [28] . We further extended the identification of orthologs throughout the 343 whole Zymoseptoria genus. Thereby, we show that more than 25% of the genes identified as 344 isolate-specific in a comparison including only Z. tritici isolates are actually shared with its wild-345 grass infecting sister species, proving that a large proportion of the accessory genome of Z. tritici 346
is not specific to this species. Instead, the accessory genome content is shared among 347
Zymoseptoria species. The proportion of accessory Z. tritici genes shared with other 348
Zymoseptoria species was found to be the highest in the Iranian isolate, which is the only isolate 349 sympatric with the four sister-species. A likely explanation for this observation would be inter- Consistent with a previous study [28], we found that Z. tritici core genes are more expressed 380 compared to accessory genes in planta. Core genes are more likely to hold essential functions 381 which could explain higher expression pattern during infection. Differentially expressed genes 382 that are specifically induced during the course of the infection are very likely to have functions 383 essential to pathogenicity of the fungus. Interestingly, here we show that within the differentially 384 expressed genes between the biotrophic and the necrotrophic phases of infection, isolate-and 385 species-specific genes have higher expression levels than core genes. These isolate-and 386 species-specific genes could be functionally important and regulate functions linked to infection 387 success in the biotrophic phase or to leaf colonization in the necrotrophic phase. Since these 388 genes show presence-absence polymorphisms in the genus and in the Z. tritici species, they 389 could represent a reservoir for possible adaptations to either host species, host cultivars or local 390 environments. 391 392
Conclusion 393
We investigated the genomic architecture in a genus of plant pathogens, including the 394 economically relevant wheat pathogen Z. tritici. Comparing genome content and genome 395 structure, we identified a large shared effector repertoire characterized by inter-and intraspecies 396 presence-absence polymorphisms. Major features of genomic, transcriptomic and epigenetic 397 compartmentalization, distinguishing accessory and core compartments, were shared among 398 wheat and wild-grass infecting Zymoseptoria species. We conclude that compartmentalization of 399 genomes is an ancestral trait in the Zymoseptoria genus. 400
Methods and Materials 401

Fungal material, DNA extraction and sequencing 402
Details regarding the individual Zymoseptoria isolates can be found in 
Genome assembly, and repeat and gene predictions 419
For each isolate, we assembled the genome de novo using SMRT Analysis software v.5 (Pacific 420 Bioscience) with two sets of parameters: default parameters and "fungal" parameters. We chose 421 the best assemblies generated by comparison of all assembly statistics produced by the 422 software Quast such as the number of finished contigs, the size of the assembly and the N50 423
[44]. Summary statistics for each assembly can be found in Table 1 . In order to exclude poor 424 quality contigs from the raw assemblies, we filtered out the contigs with less than 1.5X and more 425 than 2X median read coverage as these might be unreliable from lack of data or because they 426 contain only repeated DNA. This filter removed a high number of contigs, i.e., between 58% and 427 17% of contigs. Telomeric repeats ("CCCTAA") were identified in the remaining contigs using 428 bowtie2 to identify the number of fully assembled chromosomes or chromosomes arms based 429 on the presence of more than six repeats at the contig extremities [45] [46] [47] .
annotated the repetitive regions as follows: we first identified repetitive elements in each genome 434 using TEdenovo following the developer's recommendations and default parameters. The library 435 of identified consensus repeats was then used to annotate the respective genomes using 436
TEannot with default parameters. 437
We used several different approaches to predict gene coordinates and leveraged the information 438 contained in previously published RNA sequencing data to increase the quality of the prediction 439 [22, 30, 32] . We used GeneMark-ES for the first prediction ab initio using the option "--fungus" 440
[50]. We furthermore used previously obtained RNAseq data in two different ways: first by 441 mapping the reads to the respective genomes and second by assembling them de novo into 442 longer transcripts. For this, we first trimmed the reads using Trimmomatic [51], and then mapped 443 them on the newly assembled genomes using hisat2 [47] . Next we used the BRAKER1 pipeline 444 to predict genes for each genome using the fungus flag and based on the previously mapped 445 reads [52] . BRAKER applies GeneMark-ET and Augustus to create the first step of gene 446 predictions based on spliced alignments and to produce a final gene prediction based on the 447 best prediction of the first set [53, 54] . In addition to the ab initio gene predictions, this produced 448 a second set of predicted genes. Furthermore, the RNAseq reads were separately assembled 449 into gene transcripts using Trinity [55]. These were aligned using PASA and EVidence Modeler 450 to produce consensus gene models from the two independent predictions and the de novo 451 assembled transcripts [56] . Gene counts, length and other summary statistics presented in Table  452 S1 were obtained using GenomeTools [57] and customs scripts. 453
The predicted gene sequences were the basis for an evaluation of the completeness of the 454 assembly and gene prediction by the program BUSCO v.3 [58] . We used this method with the 455 lineage dataset Pezizomycotina. The predicted genes were also used to create a phylogeny with 456 the online implementation of CVtree3, using kmer sizes of 6 and 7 as recommend for fungi [59] . 457
We generated a second tree with the whole assemblies, estimating a distance matrix using the outgroup to identify genes with orthologs restricted to the Zymoseptoria genus [21] . For this, we 
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Table S1: Summary statistics from gene predictions generated in this study. Core genes Genus specific Species specific Isolate specific
